Preparation of anaesthesia machines for use by malignant hyperthermia susceptible patients requires purging the machines of halogenated anaesthetic agents. The endpoint of this process is to reach a gas concentration of 5 ppm or less, which has been arbitrarily chosen as the safe limit of exposure to avoid triggering a malignant hyperthermia event. We examined the washout characteristics of sevoflurane and desflurane from the Datex-Ohmeda Aestiva ® Anaesthesia System and Aisys ® Anaesthesia Carestation ® anaesthetic machines. The machines were contaminated for two hours using either sevoflurane 2 vol% or desflurane 6 vol%. At the end of the priming period, the patient breathing circuit and reservoir bag, carbon dioxide absorbent, sampling line and test lung were replaced with uncontaminated components. During the test period, machines were purged using oxygen flows of 10 l/minute. The average time to reach 5 ppm with the Aestiva machines was 51 minutes with sevoflurane and 71 minutes with desflurane. The average time to reach 5 ppm for the Aisys machines was 55 minutes with sevoflurane and 69 minutes with desflurane. All configurations of machines and anaesthetic gases demonstrated a rebound effect in agent concentration above 5 ppm when the fresh gas flow was subsequently reduced from 10 to 2 l/minute. Aestiva and Aisys anaesthetic machines require a prolonged period to adequately purge them of halogenated volatile anaesthetic agent. The rebound effect poses a serious concern, suggesting that after the purging period, fresh gas flows of 10 l/minute should be maintained for the duration of anaesthesia care of the malignant hyperthermia susceptible patient.
Patients who are malignant hyperthermia (MH) susceptible or have suspected MH susceptibility must be carefully managed during general anaesthesia, in order to avoid triggering a potentially fatal MH crisis. Older anaesthetic machines could be rapidly flushed 1 . For example, an oxygen flow of 12 l/minute through an Ohmeda Modulus II achieves an undetectable level of halothane after just six minutes 2 , but newer generation machines take much longer to reach safe levels of volatile agent after flushing [3] [4] [5] [6] . To this end, numerous authors have determined the times required to purge anaesthetic machines of volatile agents [3] [4] [5] [7] [8] [9] [10] 11 and thereby render them safe for use for MH susceptible patients. This process is complicated by the existence of many different anaesthetic machines, all with varying internal components (which cannot always be easily replaced), and by different volatile agents. Though some authors 3 have achieved accelerated washout using autoclaved components, this approach is not possible with every machine and may not be practical in an emergency.
Sevoflurane and desflurane are the most widely used volatile agents in New Zealand clinical practice (Baxter Healthcare, New Zealand, personal communication). At the time of our experiments, sevoflurane washout times had not been determined for the Datex-Ohmeda Aisys ® (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK) anaesthetic machine, and desflurane washout times had not been determined for either the Datex-Ohmeda Aestiva ® (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK) or the Aisys anaesthetic machines. Although Shinkaruk et al 4 have previously measured sevoflurane washout from the Aestiva, we repeated this as part of our experiment to maintain consistency. This also allowed comparison of sevoflurane and desflurane washout times from the Aestiva under the same experimental conditions.
METHODS

Contamination
A test lung was connected to the patient end of the anaesthetic circuit of a Datex Ohmeda Aestiva or Aisys anaesthetic machine, the fresh gas flow (FGF) was set to 2 l/minute of oxygen, the anaesthetic vaporiser was filled and set to either 2% for sevoflurane or 6% for desflurane (i.e. 1 MAC), and the ventilator was set to 500 ml tidal volume and 10 breaths/minute. The machine was then left for two hours: a contamination period employed by several previous authors 3, 4, 7, 9, 10 .
Washout
At the end of the contamination period, the ventilator was turned off, the FGF was stopped, the vaporiser removed and the anaesthetic test lung, anaesthetic circuit, heat and moisture exchange filter, sampling line and carbon dioxide absorbent were all replaced. A Miran SapphIRe ambient air analyser (Thermo Scientific, Waltham, MA, USA), calibrated using an activated charcoal filter prior to each experiment, was then connected to the circuit, with the sampling (input) line connected to the inspiratory limb and the exhaust (output) line connected to the expiratory limb.
The Miran SapphIRe was set to log the volatile agent concentration every 60 seconds, the FGF was set to 10 l/minute oxygen, and the ventilator turned on, again with settings of 500 ml tidal volume and 10 breaths/minute. Once agent concentration had fallen below 5 ppm, if time permitted, the FGF was reduced to 2 l/minute (to simulate standard intraoperative flows), with ongoing recordings of the volatile agent concentration. These steps were repeated as many times as possible for each machine/agent pairing. The availability of anaesthetic machines and the availability of the Miran SapphIRe limited the total number of tests.
Statistics
Statistical calculations were performed using an online calculator (http://www.physics.csbsju.edu/stats/ t-test_bulk_form.html). The washout times for sevoflurane and desflurane were compared for each machine using two-tailed unpaired Student's t-tests. As this was an observational study, no power calculation was performed.
RESUlTS
In total, four Aestiva and two Aisys machines were used for testing. One Aestiva anaesthetic machine gave significantly prolonged sevoflurane washout times (108 and 111 minutes) (see Discussion). Washout times for sevoflurane and desflurane were significantly different for the Aestiva (P=0.003), but not for the Aisys (P=0.068). Washout times for a given agent were not significantly different (sevoflurane P=0.290, desflurane P=0.800) between Aestiva and Aisys machines. The washout data is displayed in The shape of the washout curves suggests an initial rapid washout of volatile agent present within the circuit as a vapour, and a slower washout of agent that has been absorbed by the internal components and is then released as the concentration within the lumen of the circuit falls and the agent moves down the concentration gradient from component to circuit lumen. In all cases where it was tested, a reduction of FGF (to 2 l/minute) led to a rebound of agent concentrations above 5 ppm -the 'rebound' effect.
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DISCUSSION
These experiments have demonstrated that to ensure a volatile agent concentration of <5 ppm, preparation of anaesthetic machines requires a prolonged period of flushing with high fresh gas flows. The washout times for sevoflurane (51 minutes) and desflurane (71 minutes) were significantly different for the Aestiva (P=0.0033), but not for the Aisys (P=0.068, Table 1 ). However, the washout times for a given agent were not significantly different (sevoflurane, 51 vs 55 minutes, P=0.29, desflurane, 71 vs 69 minutes, P=0.800) between the Aestiva and Aisys machines ( Table 1) . Sevoflurane washout times from the Aestiva were comparable to those noted by Shinkaruk 4 (52 to 59 minutes) and Birgenheier 6 (48 minutes).
When preparing anaesthetic machines, a 'safe' level of volatile agent has not been determined experimentally in humans. The 5 ppm level of halothane found to be safe in MH susceptible swine 12 , based on exposure to this level for four consecutive eight-hour days, has been adopted as a de facto threshold concentration. Of the volatile agents, halothane is the most potent MH trigger; it yields the greatest response during in vitro contracture testing of MHS human skeletal muscle 13 and is the most rapid and reliable trigger of MH in susceptible pigs 14 , so the level of 5 ppm is likely Figure 6 : Desflurane washout (displaying lower part of Figure 5 to fully display 5 ppm cutoff). Series=individual tests to include a significant margin of safety over the actual level required to trigger an MH crisis in a human patient using desflurane or sevoflurane.
An unexpected finding of the experiments was desflurane's longer flush time. Despite a lower hydrocarbon solubility (i.e. a lower oil-gas partition coefficient -18.7 vs sevoflurane 55) 15, 16 , desflurane took longer than sevoflurane to purge from both Aestiva and Aisys anaesthetic machines, significantly so in the case of the Aestiva. This is most likely due to the greater concentration of desflurane (6% vs sevoflurane 2%) introduced into the machine during contamination, leading to a greater accumulation of desflurane in both machine dead-space and components. There does not appear to be a major difference in washout times between the Aestiva and Aisys anaesthetic machines for a given agent, which suggests that despite the different configuration of the two machines (including a different vaporiser and different absorbent canister), the clearance of gases may be dependent on fresh gas flow and priming concentration. However, as this was an observational study we cannot exclude more minor differences between the two machines. The importance of maintaining high fresh gas flows was evident by the rebound effect, with the gas concentration exceeding the safe limit of 5 ppm when the flows were reduced from 10 to 2 l/minute (Figure 7) . The reduction of gas flow reduces the effectiveness of the fresh gas to dilute the anaesthetic agents trapped within the internal passages, as well as those agents being released from internal components. Therefore, after purging a contaminated machine, it appears essential to maintain flows at 10 l/minute throughout subsequent anaesthesia. This effect has been noted by others 5, 6, 9, 11, 16 .
During our experiment, one Aestiva anaesthetic machine gave significantly prolonged sevoflurane washout times (108 and 111 minutes). Following investigation of its maintenance history, it transpired that this particular machine was almost due to undergo its annual servicing and cleaning -our biomedical engineer believed that an accumulation of water and fine particles of CO 2 absorbent could be present in the machine, acting as a reservoir of sevoflurane. This result was not included in the analysis of results. Therefore as Aestiva machines approaching their annual service may yield purging times of up to two hours, this supports our belief that, in an emergency, purging will not necessarily easily yield an anaesthetic machine free of volatile agent to a safe level.
An alternative to purging the anaesthetic machine is the employment of activated charcoal filters. An activated charcoal filter (ACF) for purging an anaesthetic machine for MH susceptible patients was first suggested in 1986. Gunter 7 found that a Quick Emergence Device (Anecare laboratories, Salt lake City, UT, USA) reduced residual concentration of sevoflurane to <5 ppm in 10 minutes in a Dräger Fabius anaesthesia machine (Dräger Medical, Telford, PA, USA). Recently Birgenheier 6 found Vapor-Clean ACFs on both the inspired and expired limbs of the contaminated machine reduced the volatile concentration to <5 ppm in less than two minutes. He found the filter life relatively brief (sevoflurane 83 minutes, desflurane 90 minutes) in a simulated MH crisis and effective in elective cases for 90 minutes.
The prolonged purging times observed in our study support the use of filters as an alternative to current machine preparation guidelines, as ACFs yield an effectively volatile-free machine in less than two minutes, compared to the hour or more that may be required with conventional flushing techniques. The Vapor-Clean device has recently been promoted as a reliable ACF. The product information 16 states that in an elective case the filter is safe to use for 12 hours. This was determined by a simple bench test involving a calculation of the absorptive capacity of the filter (personal communication, Steve Blackwell, Dynasthetics). No human study has been published, although no problems have been encountered in anecdotal reports of the use of filters in MH susceptible patients 17 (unpublished observations, Tae Kim). Further peer-reviewed data are required to determine safe purging times and, at present, in case of delays in changing filters and other possible problems, we recommend changing both filters after a period of one hour of use as best anaesthetic practice 6 ; this is only applicable to the Vapor-Clean filter. Replacing the breathing circuit and rebreathing bag, removing vaporisers 6 and a 90 second flush at 10 l/minute before use with these filters in place is still recommended by the manufacturers (personal communication, Joe Orr, Dynasthetics) 16 .
In addition, Birgenheier noted a rebound effect in anaesthetic gas concentration with a decrease in fresh gas flows from 10 to 3 l/minute with filters attached; the concentration remained below 5 ppm 6 but a flow of 10 l/minute throughout anaesthesia is still recommended pending further study.
The Malignant Hyperthermia Association of the United States has issued guidance for the use of Vapor-Clean filters when managing MHS patients stating "filters may be used as an alternative, or in addition to current machine preparation guidelines" 17 . (The Vapor-Clean filters are available in New Zealand from early 2012).
The efficacy of activated charcoal filters has been demonstrated only for the Dräger Apollo ® (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK) and Datex-Ohmeda Aestiva machines 6 , but it is not unreasonable to expect that they will be similarly effective with other modern machines -as we found, washout from Aestiva and Aisys machines is broadly similar.
In summary, the preparation of anaesthetic machines must be individualised to the machine and the halogenated volatile agents that have been used. Desflurane required longer purge times than sevoflurane on both the Aestiva and Aisys machines. We recommend using high flow rates of at least 10 l/minute for both machines during the purge period and for maintenance of subsequent anaesthesia. The time needed for purging should be based on the slowest agent to which the machine has been exposed and the longest upper end of the range required for purging. This will typically be 60 minutes or more. Finally, in an absolute emergency, even a 'clean machine' may be too timeconsuming to set up and check prior to the start of anaesthesia, so a two-minute purged machine with charcoal filters added may be the most appropriate. Filters are likely to become the standard of care if a dedicated clean machine cannot be provided.
